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FOREWORD

This Final Technical Refort presents the work done
under Centract No. DAABG772-C-0022. The reported work covers
the time from 1 October 1971 to 1 December 1972. The title of
the work is "Recearch and Development Work for the Growth of
Single Crystal Yttrinm Orihovanadate’'. The work was performed
for the Electronics Components Laboratory, U.S. Army Electronics
Command, Ft. Monmouth, New Jersey. The program was
monitored by Mr. John Strozyk as Contracting Officer.

Crystal Products Department of Union Carbide Corporation
conducted the program at San Diego, California.

The initial monthksz of the program were conducted by
G. A. Keig ané D. . Witicr. The final inonths were performed
by H. G. McKnight ard L. R Rothrock. H. L. Landt and K. T. Beck
assisted with the boule growth and polarizers were fabricstcd by
R. Szymanski 2nd A. R. coated by R. ¥. Wilder.

Birefringeace, optical work and polarizer dzsign were doue
by L. G. DeShazer, University of Southern ©California, Los Angeles,
Califoraia.
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ABSTRACT

The growth of yttrium orthovanadate large single

crystals is revorted. The two most promising crvstal

growth methods were investigated. The Bridgman method shows

some promise with further development in vendor state-of-the-art,
iridium fabrication technology, and a refinement in crucible design.
The Czochralski method successfully yielded large ""a' and ''c"
axis boules. Growth parameter development is described and the

results evaluated.

Glan-Foucault and Rochon polarizers have been assen:bled -

from prisms {abricated from these boules and tested.




INTRODUCTION

in the year 1809, E. L. Malus published a paper covering his

discovery of the polarizat _on of light 5y reflection froxn a glass surface.
Christiaar Heuygens had described, in 1678, the double refraction
observed in calcite and other crystals in ierms of his new wave theorv.
He also discevered, although he did not explain, the phenomencn of '
polarization. The Malas lication gave impetus to the optical investi-
gation of natural crystals by Sir David Brewster and othe.s. In 18.0
Malus publislied a memoir on the theory of double refraction in crystals.

Development rather quickly produced s number of polari-erz
designs which have remained eesentially unchanged tc the present day,
with extensive use in optical inst.umentation. These designs still bear
) the names of tkeir inventors - Foucuult, Nichol, Ahreas, Tayior, Thompson
and others. Marny of tliese desigis depended upon the assemtiy of prisms
in 2 manner which develops a reflecting interface between the parts. Ancther
] class of polarizers such as these designed by Rochon and Wollaston needed a
non-reflecting interface anc depznded upon crystal rofraction anisotropy for
} separation of the ordinary from the extraordinary ray. The ideal interfaze

.

for Rochon and Wollaston designs is an ¢ptical contacting Hetween the two
prisias which form the polarizer. It is logical to usuaily find these polarizers
made from quartz because of the stringent optical flai.cos tolerances secessary

. tc achieve an optical conta.t. The softness of calcite makes it very difficult to
achieve this degrece of flatness,

A further disadvaatage to the present day use of calcite is the rapidly
r depleting supply of large size, aplically clear crystals.

Crystalline yttrium orthovanadate (YVOy4) has not been found in
natural occurrences; but a few smail crystals have been laboratory grown
in racent years. Their properties have bein studied. in ke doped variations,
as laser hosts. Four properties of YVO4 cingle crystals make the material
a superior substitute for calcite in polarizer appli_ations.

Yttrium vanadate is a positive, uniaxfil crystal with a birefringence

[ : of +0,226, approximzisly 25% higher than the value of -0. 172 for calcite. The
pesitive YVO, birefringence had previously been reported hy others, with thz

) wrong signl. Tke refractive index of YVO4 is higher than that of calcite across
the usable spectrum and showe v=lues of 1.658 and 2. 168 at 1, 65 microns.

The refractive index of YVO, remains r:latively <onstant with temperature to
300°K for both the ordinary =nnd extrsordinary rays while the temperature
coefficients differ substantially for cach ray (Table I-1 ) in calcite.
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YVO, CaCO; i Quartz

Crys:al System Tetragimal Rhombehedral Hexagonal
Index of Refraction (n“ )

Ordinary 2.000 1.653 1.544

Extraordinary 2.226 1.487 1.553
Dispersion (np - n,)

Ordinary 0.042 0.013 0. 009

Extraordinary 0.059 0.006 0.009
Temf)erature Coefficient g_r_x_)
" (at room temperature) \dt

Ordinary +3.9 x 10-3 +0.2 x 10-5 -0.5 x 10-5

Extraordinary +3.9x 1673 +1.2 x 10-5 -0.6x 107
Tranamission Range 0.4 - 3.8 0.35 - 2.1 0.4 -2.2

{microns)
Hardness, Knoop HN 480 135 710
Melting Point 1810 + 25°C 1339°C at 1713°C
‘ 102. 5 atm.

Talle I- 1.

Comparison is made with Calcite and Quartz.

-2 -
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The antireflection cecating of polarizers requires multiple '
component layers 1o match calcite at 1. 06 microns transmission,
while conventional singie layer magnesium iluoride provides a good
match to YVOy,

The useful transmission range of yttrium vanadate extends to
5 microns which makes p«larizers possibie in the important 2 to 5 micron
range in laser systems.

The hardness of 450 KHN fcr YVOg4 is equivalent to that of
frequently used optical glasases and permits the use of the same fabrication
techniques. Optical contacting is more practical with YVO4 because of
this and a lesser tendency 0 cleave than in calcite. Surface finishing of
optical quzlity is considersbly easicr with YVO,.

Other property upgrading by yttrium vanadate is of particular
interest when applied to iaser systems. Laser damage resistance has been
good to 3000 MW /cm? while calcite suffers serious damag-. in the 900 to
1200 MW /cm?2 range. The damage bas been largely surface damage with
YVO4 but calcite damage has beern internal. There is an increase of 30%
in beam splitting in a Rochon polarizer with YVO4 and a two orders-of-
magnitude reduction in the energy reflected in the air gup of 2 YVO,
Glan-Foucault polarizer.

These properti~= clearly demonstrate $te superiority of YVO,
over both calcite and quartz for polarizers, but a.'ive application of yttrium
vanadate to the production of such polarizers has not been possihle in the
past because of the difficulty of reproducibly growing undoped YVO4 of
suitable aptical clarity and of sufficient size to avoid compromisirg the
systems on which they were to be used.

The resezarch and development work describad in this contract shows
that large crystals of orieanted yttrium vanadate, having the required optical
preperties can be growr and it has been demonstrated that both Glan-Foucault
and Rochon polarizers can be produced with good optical fabrication techniques.

. YTTRIUM VANADATE GROWTH

Yttrium orthovanadate has a body-centered tetragonal zircon
structure with lattice parameters of a = 7. 114 and ¢ = 6.2588. 2 1Its structure
is isomorphous with the rare earth vanadates in the series from ccrium to
lutetium 3, YVOy4 is nct a naturally occurriag mireral, It was first
synthesized by Goldschmxdt and Haraidsen at the University of Oslo in 1928

YVO4 has became of interest recently for three srimary reasons.
First, as a powder doped with eurcpium, it provides a brilliant red cathodo-
luminescent phosphar with color coordinates X = 0.670, Y = 0. 330 (pure

-3-




spectral red). 5, € Second, YVO, in the single crystal form is of interest
as a possible laser host for rare earths guch as europium, dysprosium, ‘
neodymium znd others. ! Third, the polarizing ability of yitrium vanadate |
is outstanding.

The fluorescent properties of different dopings is of interest. Both
the pure yttrium vanadate and the europium coped material fluoresce brilliantly
under ultraviolet light. The pure material fluoresces a pale buff color while
the eurorium doped material fluorescas a bright red. Interestingly, the
additiur of necdymium to the pure YVO, suppresses all ficorescence ‘n
ultraviolet light.

A. SUMMARY OF PREVIOUS GRCWTH EFFORTS

Based upon the phase equilibrium diagran: for the Y203-V,0¢
system {Fig. 2-1), yttrium vanadate (YVO4) melts congruently at 1810°C.
¢ Rubin and Van Uitert have grown crystals from the melt using iridium
] A crucibles heated in an dxyhydrogen furnate. The prccess was also studiec.
by Dess and Bolin 9 at about t-e same time.

The experiments usirg oxyhydrogen heating all report the formation
of heavy surface crusts over the melt. The recommended procedure for
gsowth under these conditions was designed to permit the surface formation
of this crust, which was iargely oxygen deficient YVO, of variable zemyosition.
A hole was then punched through the crust and the crystal grown throug: this

‘ hole while directing a stream of inert gas, usually argon, onto the melt
: surface and the seed.

The most recent experimental YVO, growths prior to this contract
were done by Witter and Smith in 1270 10, Smail single crystals of uadoped
YVO4 were grown in an RF station with impingement of a stream of argon on
the melt surface at the solid/liquid interface. The yield was suitable for optical
measurements and fabrication into small polarizers.

The difficulty of controliing the formatior of second phase oxygen
deficient YVG4 during these experiments resulted in the deveiopment of a
sealed crucible design for the Bridgman growth investigation phase of this
contract. A literature search and computer calculations indicated accepiadle
1 . equilibrium conditions could be achieved at crystal growth temrerature and
} ) moderate pressures in a veseel sealed wader vacuum, grovided that the veseel
was constructes of iridium.

B. CRYSTAL GROWTH METHOD INVESTIGATION

) : Several potential crystal growth methods were investigated
experimentally and through a literature seirch. Tae vanadium oxygen syztem

-4 -
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was reviewed in depth by J. Stringer “in 1964. This work indicated a !
complex series of vanadium oxides with the loss of oxygen (Figure 2-2). t
was evident that oxvgen deficiency could be expected to be 2 major problem 1
in the YVO, cog-npound. as well. The methods of Rubin and Van Uitert8

Dess and Bolin’ , and Witter and Smith !® were studied as they related o

decomposition and the general approach to Czochralski growth. With the

exception of a few experiments by Witter in 1970, all of the informatioson

Czochralski growth was derived from parameters characteristic of oxy- 1
hydrogen gas heated furnaces. Witter applied this same technology t: RF

heated equipment with somewhat similar results. The useful yieid was

small crysials, darkly colored and less than repeatable performance. A

concept of sealing the starting material within an iridium crucible could

visualize the generation of the few atmospheres of pressure necessary to

create equilibria in the presence of iridium oxide formed from the free

oxygen iiberited by the¢ decomposition reaction.

The consideration of the Bridgman technique resuited in <evera:
experiments utilizing a sealed iridizm: crucible. Weld failures were the
} usial reasce or experiment termination but small crystallites of yttrium
vanadate were grown. Although this concoept is still considered sound, it
did not produce the success which hz2 been predicted for it. The investigation
served to provide an awareness of twc sacillary developments which must
precede any further work in this method. First, further development of
iridium metal fabricaticn technology is necessary to provide a sound vessel
free of voids, pores, and laminations. This is a vendor problem, not
solvable within the time limit of this contract. Second, 2 aew design of
vessel must be dcceloped whicn will permit the seeding zone to remazin free
of precipitating second phase material during the carly stages o the growts.

A further method was anticipated 10 define the phase-tenr peruture
relations in the useful growth zone of ‘he phzse diagram. This method was
one of siowly cooling the charge in an cpen iridium crucible from a point &
few degrees above the melting temperature to ~omplete solidification. Tke
results frcm a series of these runa developed the preferred seeding temperature
an¢ furnished a guide to the appeczrance of the thermal convectiozn iiaes and the
location of the seeding spot.

C. SEALED CRUGIBLE DESIGN AND FABRICATION

{ The first iridium crucible (See Figure 2-3) was fabricated from
material available in-house. It was 1" O.D. by 6-1/4" long, including a

conicil closure at the seeding end and a disc closure at the opposite end.

The fabrication, although consizting of several iridium pieces, was expertly

TI1G welded in our facilities. During this construction, the contract ccifiguration
crucible was designed and fabrication ordered from cur iridium vendor. The
contract crucible is 1" 1.D. by 6€-3/8" long, including a 1/2" 1.D. by i" long
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Figure 2.2,

The First Isidium Coucible

After First
Test Run

After First
Full Charge
Rua with Open
Seeding Tube
Added




seed tube at the bottom. This was welded to the upper tube through a ‘
transition piece which is a 602 included angle funnel shape. (See Figure 2-4).

The contract crucibles were produced of iridium by Engelhard Industries ‘
and the final closures were electron-beam butt welds produced by Solar |
Division of International Harvester Corp. To facilitate the placement of

the electron-beam weld in the most efficient position, the upper closure of

the crucibie was produced as a flat disc which was TIG welded to the side

wall in a continuour fusion weld. This joint was then checked on a Veeco

model MS-90 helium leak detector. A saw cut !/8" below the weid then ‘
became the closely mated interface surfaces for the final E. B. weid.

D. TESTING OF THE CRUC:BLE ASSEMBLY

Testing of the charged crucible, after E. B, welding, was
accomplished by pressurizing the outer surfaces of the crucible under ten
atmospheres of helium gas. The crucible was then transferred to a flask
of water held at 95°C to observe bubbling from any porosity. A final
inspection was then made for helium leakage by placing the crucible it. a
smali bell ja>r on the inspection test port of the ieak detector.

E. SEALED CRUCIBLE FURNACE CONSTRUCTION

A graphite element furnace, having graphite insulation,
supplied by Astro Industries (Model 1000A) was used for the growth efforts
in the earlier part of the program. The compatibility of iridium was tested
«a this furnace over the temperature range to 18500C. No reaction was
detectable.

A graphite pedestal was constructed for the furnace 10 sezrve
both as a support for the crucible and as a variable heat sink, adjustable
by gas flow change (See Figure 2-5).

A later modification included the use of a continuous alumina
muffle tabe having an alumixna pedestal construction fcr the crucible. This
effectively separated the crucibie from the effects of the carboraceous
atmosphere within the heating chamber.

A power feedback stabilized power supply for this furnace
included R.1. Controls Company's Paramac two-mode controller and Datstrak
programmer modified to program both power and the variable fiow of gas to
the heat sink. The Paramac controlled the Astro industries’ SCR power supply
which was tracsformer coupled to the graphite heating elemert.

Temperature monitors consisted of two pt-rh thermocouples in
the heat sink gas stream arranged to permit calorimetry experiments. In

-9.




Figure 2-4. The Coatract Configuration Crucibie
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addition, a two-color Coloratio optical pyrometer was sighted through a
purged window tc detect the radiation from the top of the crucibie. A side
port was aisc used for hand-held Leeds and Northrup pyrometer sightings.
RecorZer traces of temperatures at three points, gas preasures at iwo
points. and a current curve were recorded on a six-point Rikadenki chart
recorder with 30 MV span.

F. SEALED CRUCIBLE CRYSTAL GROWTH

The initial growth was made in the original test crucible to
whi ch 4 seeding tube had been added (Figure 2-3). The crucible was sealed
except for a loose fitting vlug of iridium at the seeding tip. A seed and a
small amount of YVO, charge was used to determine the temperature pro ile
effect in the seed zone. Evidence of decomposition due to oper construction
was apparent in furnace atmusphere and in the charge residue, which was
black polycry sta lline.

The second run was made in the sealed contract _rucible
configuration with a full charge of compacted, prroreacted YVC,. This run
} > was made oa the previously determined program and resulted in the desired
degree of melt-back. Growth was finely polycrystalline with two phases
prescnt and dispersed intc a macroscopically uniform gray color matrix with
a thin black crust at the top of the melt. The two phases were compused of
tiny clear crystallites showing rectangular cleavage prisms along with the
seconrs phase which was black and more dendritic in habit.

The crucible charge was diamond core drilled and acid clean=z=d
between c2<h run, re¢ charged and rewelded for the next »un.

During the se¢cond run, some leakage occcurred at previousiy
repaired spots and it was apparent that alloying with the iridium had
occurred. The damage was exteasive over 2 length of i-1/4" of the
crucible wall. This zone was cut away and emission spectrographic anralysis
of sections cut from the alloyed area showed inajor vanadium content with
truces of other eiements. Background was provided by a powder sample of
the charge and a test piece from an unalloyed nortion of the crucible.

The conclusions drawn {rom the data showed that the leakage
points were minor pores in the iridium metal which servad as stress raisers
in the path of structurz! defects such as iamirvation folds and laps produced
f in the original fabrication breakdown of the ingot.

Leakage through the pores expelled liquid under pressure which
rzpidly reacted with the raturally carbonaceous atmosphere of the graphite
liced furnace. The vanadium oxide componeut of the charge was redaced to

- 12 .
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vanadium metal which attacked the crucible wall at the point of exit
forming a low melting point sutectic alloy which further weakened the
wall with the formation of local cracks.

The role of principal investigator was assumed at this time
by H. C. McKnight with the resignation of D. W. Witter tc accept an
opportunity elsewhere.

A reappriisal of the program was made at this time resulting

in a decision to correct the deficiencies which became apparent during tle
first experiments.

The crucible was repaired by dissection of all alloved areas
and replacing with virgin iridium material by TIG welding. After charging
with presintered YVO, the vrucible was 1eak checked and installei in the
chamber tor the third run.

The third run was completed in a fully programni:d maneer.
At the cowapletion of the run it was noted that a large crack had opered in
the vicinity of a repair weld joint and cuter surface contamination was
extensive, making it inadvisable to attempt any turthe: runs. A new
crucible was ordered and preparaticns wers made for the investigation
of the problems daring the lead-time wait for the new crucible.

Core driiling of the third run charge disclosed the strati-
fication skown in Figure 2.6 and noted below.

1. Part of the original ''c¢" axiz seed remained unmelted.

2. Oriented crystallization prcceeded from the point
of seed melt-back for approximately 1" to a point just above the transiticn
of the cone to the side wall of the crucible. This zone was cracked
extensively into small cleavage rectangular prisms interspersed with
black second phase amorphous and dendritic inclusions which were the
probatiz cause for the extensive cleavage sbserved. Above this zone,
beginaing on a sharp demarcation plane was a very fine grain, gray.
polycrystalline layer about 1" deep. Above this the balance of the charge
was composed of large, random orientation, black crystals.

Subsequent analysis has identified the various zones and the
reason they existed has bean inferred irom later experiments. The black
phase was oxygen deficient yttrium vanadate of varying composition. The
clear crystals were yttrium vanadate with black second phase rejected to
the grain boundaries which tended to coincide with zleavage planes.

- 13 -
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Figure 2-6. Third Run Core Drilling




The gray, finely polycrystalline zone consisted of microcrystals of YVO
in excessive amounts of decomposition product which storped the criented
growtr. Although no deasity measurements were attempted, gravity
distribution of the second phase derdrites indicated in later experiments
that the density was higher than the melt and furiher, that the melting point
of the oxygen deficient phase could be placed at least 130°C higher than

the crystallizing YVOy.

————e

These ccnclusions were reached during the waiting period {
while the new crucible was being fabricated and were based upon a series
of eight experiments in sealed iridium capsules 3/8" O.D. by 1-1/4" long.
Thes~ tests cast serious dcubt on the ability of stats-of-the-art iridium
fabrication to assure the production of pore-free, lap-free material from
which to fabricate crucibles, and the YVOg4 contract was too far aavance.
to engage ir a basic crucible materials development within the available
time remaining for the program. Az a result, further work on Bridgman
growth was terminated.

G. SPONTANEOUSLY SEEDED CPEN CRUCIBLE GROWTH

The methed whlich appeared most useful for experimentaliy
determining parameters, and was eventually a deciding factor in the future
development of this prograni, can hest be dcscribed as a spontanecusly
seeded growth having the following major characteristics. The growth
was institoted within an open top iridium crucible heated by an RF gererator.
The charge consisted of YVO4 powder type 1533-1, undcpad, as supplied by
Gener:l Electric Comnpany. Most of the melts were mad« with a stsichiomerric
starting materiai, but experiinents were also conducted winich variead the
composition from vanadium rich to yttrium rich starting matercials. No
advantage was noted {Toin: these deliberate changes to thx compound.

The powder charge was brought to temperasture o establish a
melt and then a gradual reduction of inpst power resulted ia the formation
of a small floating crystal island in the cnolest part of the melt, which was
the geometric center of the melt suriace. After equilibration of the syetem,
power was programmed down at a veiy slow rate resulting in a freeze uver
of the top of the melt and propagation of the island crystal orientatio:: through
the upper past of the melt.

Corce drilling permiited the ci_aving of individeal rectangular
prisms of varicus sizes fromn the mass for furthes study. Fifteen crystal-
lization experiments were conducted in this manner.

) Spontanecus growth preferred either {001) or (100U) growth
direction witk well developed cleavage planes pzarallel to both axes. Second
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phase segregation occurred along small grain boundaries which coincided
with cleavage surfaces.

The second phase wcs hiack in color, and when well developed,
was dendriu.c in habit (Figure 2-7). This phase was determined to be
stoichiometric in ite metal content and oxygen deficient. Experiments on
heavy inclusions within 2 YVO4 matrix did not yield an exact melting point,
but it was estimated to be near 1950°C and would be expected to vary with
oxygen content.

The second phaze was also inferred tc have very low
solubility in the melt because of the digtribution of dendrites within the
crystallized structure. These inclusionas were of smaller mass in the
upper crysiallization which had formed first, and more dense and dendritic
as the distance below the surface increased. A heavy deporit of dendrites
in matrix (Figure 2-8) was always found in the bottom of the crucible and
located in zones free from strong convection currents.

The YVC4 crystals were deep yellow to dark brown depending
upon their melt history and position below the surface. The lighter colors
were in the first crystailization and the darker ones in the lower levels.
The oxygen deficiency in the crystale could be somewhat compensated by
heat treatment for several hours at 14509C in oxygen with the background
coloration of the crystals tending toward light yellow with time and the
inclusions being reduced in apparent size and densily. The sites occupied
by dendrites could be identified after heat treatment by their ghost outlines
observed during phase contrast microscopy. Heat treatment in a bed of
powdered Y0, showed slight improvement over the Oy treatment at the
same temperature and time cycle. It is interesting to note that a crust of
yellow color was developed in the yttria powder at the contact with the
YVO4. No attempt was made to identify the compound.

It appeared, on ‘the basis of these experiments, that the
Bridgman concept had the capability of producing crystailization in the YVO,
system but not in the configuration proposed, fnr the following reasons.

1. The black, oxygen deficient, phase was formed even under

the best sealing we had done, during the period before decomposition equilib-
rium was attained.

2. The oxygen deficient phase, having a higher melting
poiat and a limitea solubility in the YVO4 melt, could be expected to settle
ir the seed area and interfere with high quality crystal growth,

- 16 -

LA - -__“—“M—‘—- e e




W

40X
Dark Field

250X

Transmissioa
Lighting

Figure 2-7. Seccnd Phase Inclusions in YVO,

- 17 -




e e ot ot e e
2R T R T . R T A IR T . ‘

.

BT TR LRI

IR OIICITY

Ay

__‘__'___‘_.wv___v_.v__
‘
Bt CoMMI N eeaade kst ga e gertm e 1 TR

' |

igure 2-8. Section Through Core Drilling
S21f-Seeded Crucible Growth




[
[ 1

3. The integrity of the iridium metal is in question at the
current state of art of initial comipaction, ingot breakdowr, and rolling
and fabrication technology, with the main problems beiug porosity and
metal weakness at folds and discontinuities in the solid structure. Further,
the threat of vanadium <ontamination in the event of & runture made good
repair welds seem unlikely.

1. CZOCHRALSKI GROWTH

The other method of growth which seemed to hold promise was the
Czochralski process. A few short, small diameter crystals had been
grown a: Crystal Products in the previous year, with troubles which
appeared to be Jue to decompositicn. Prior Czochralski work at Union
Carbide Speedway Laboratory had been successful in producing small
cryastals in gas flame stations with yield being the majer uncertainty.
However, this work by Dess and Bolin did seem to offer a solutioa to the
p : production of Glan-Foacauit aad Rochon prisms of YVOy.

& Development work in the Czochralski method on this coriract
: was done, for most of the runs, on a 25KVA RF generator. The station
£ was built up of zirconia tubes to contain zirconia grog and arranged to
form efficient radiation shielding around the 1-3/4" diameter by 2-1/4"

“ : deep iridium crucible. The furnace was enclosed in a bell jar for atmosphere
£ control.
Alf previously published data had indicated a strong stream of
' argon gas was to be directed at the surface of the melt at the seeling point
and that oxygen added to the inert bell jar atmosphere was desirable to
< keep the seed transparent. Our starting parameters included a nitrogen

é stre;: m rather than argon and a bell jar atmospheze of nitrogen plus

: 20,000 ppm O,.

Four runs were required to familiarize our technicians with the

: unusual seeding technique needed to lastitute crystal growth. The fourth

) yan resulted in a sturt but the growth was polycrystalline. The next two
runs were not successful growth runs but were useful in adjusting the
crucible position in the work coils and manipulating the gas discharge tibe
to a proper impingement. The seventh run was single crystal after a poor
start and was "cork-screw’ shaped. Some improvement in size and quality

) was observed in the crystals irom the next six runs. On the fourteenth run

4 - the program was changed to provide for a gradual increase in diameter with

: time. This boule did not show the stroag tendency for the growth axis to
5 wander, and it was repeated in the next sxperiment v.ith the same result.
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A series of experiments was begun or the seed cooling gas stream.
The direction of the stream was changed to impinge normal to the seed
rotation axis, slightly above the melt surface, b inging n.ticeable improve-
ment in the growtk habit without resorting to diameier change to gain
stability.

Run #19 crystal was intentionally frozen in the crucible charge.
it was uniformly honey colored with the single crystai propagating into
the melt as wide as the crystal and as iong as the diameter of the
crucible and extending nearly to the bottom of the crucible. It was also
discovered that the gas discharge port had been fouled during powder
loading and therefore was not effective during growth.

Run #290 was the first without strong gas impingement on the
boule and confirmed the parameters predicted by Run #19. The boule
was good quality with step facets on one side parallel to the (00)) axis;
pale yeliow.

Run #21 was (001) and was grow from the same meilt as
Run #20. The program produced a larger boule of more uniform cross
section which was a rourded corner square. Some misorientations
were produced during seeding; tan coloration.

Run #22 was the first (100) growth. It was pale yeilow and had
onie crack paraliel to the growth axis; optical quality was good.

Run #23 prodiced a somewhat darker boule which offset 3harply
after about 1/2" of growth. It was terminated because of mechanical
interference between the offset and the crucible lid.

Run #24 was (100) and was the longest boule grown on this
program. The color was golden yellow and optically clear over the first
three inches. The final inch o{ growth contained second phase inclusions.
The boule offset about each 3/4" length to produce a crankshaft effect. This
boule was used for the Rochon prism and also for two good quality seeds.

Run #25 was terminated. Growing boule war hitting crucible 1id.

Run #26 was (001) of substantial size, about 3/4" yquare with
rounded corners. The growth length was 2-7/16" of which the lzst 1/4"
contained second phase inclusions. The balance of the material was of good
optical quality, golden yellow. It was used to produce Glan-Foucanlt prisms.

Run #27 was (i00). During the shouldering, two twins were formed
which grew alongside the major crystal which was of good optical quality.

- 20 -
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1IVv. APPLIED DESIGN G: YVO4 POLARIZING DEVICES

A. INTRODUCTION

A thorough analysis has been cerried out for TVO, as
it would be used in conventional polarizing devices. This analysis is pre-
sented in detai. in Part IV-F. It considers the diract substitution of
YVO,4 for calcite and demonstrates the improvad performance which can
be anticipated over a full range of wavelengths. In this section, we will
use the result . of the more general analysis and apply them specifically
towards prisr:s operating at 1. 06 microns. Thus we can study the ma-
terial and the nolarizer performance relative tc the regquirements for
Nd:YAG rangefinders.

Two main polarizérs are currently used inside a zolid
state Nd:YAG laser cavity ir conjunction with the electrooptic Q-switch.
These are the Glan polarizer and the Rochon polarizer-beam splitter.

Both of these devices produce an undeviated polarized beam. The Glan-
type polarizer has the added advantags thai it removes one ray completely
and thus avoids the complications that arise with the Rochon prism's
deviated ray being reflected within the cavity. Each polarizer is described
and advantages derived from the substitution of YVO4 for calcite are
delineated.

The most serious problem associated with single crystal
polarizers when they are used in laser systems is the energy loss which
the beam suffers ia passing through the device. These losses arise from
a number of sources, and an indication of their importance is seen when
it is considered that = 1% loss in the polarizer can aszcount for about an
8% loes in the overall laser output. The main sources of enccgy loss
*shich are common 10 both the Glan and Rochon polarizers are:

a. Scattering and/or absorption due to poor
in:ernal quality.

b. Surface reflection and scattering losses.
This is a combination of Fresnel logies
and surface finish effects.

c. Reflection lasses resulting from the passage
of the ray irom one prisin to the next.

-22 -
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d. Inadequate dimensional stability and poor align-
ment of the prisms relative to each other.

Ea:h of the above factors will be considered below
and the anticipated performance of YVO4 polarizers discussed relative to
similar devices fabricated fram calcite.

B. MATERIAL QUALITY

With the exception of quartz, all laser-quality synthetic
materials are grown from a stoichiometric melt. This method has con-
sistently shown itsclf capable of prod.:ing the finest quality matsrial
aecessary for high performance laser systems; it has decisively beaten
out competition from the hydrothermal and flux techniques. Stoichiometric
b YVO4 can be growa from a meit and thus can realize an optical auality
equivalent to that of the laser itself and its system's electrooptic cem-

ponents.

C. SURFACE REFLECTION AND SCATTERING LOSSES

Because of its low hardress, calcite, in its final pclished
form, posseizses a surface quality which is ot 2qual to that normally de-
manded for laser components. The finish is irequently not consistent over
the whole aperture area. and sub-surface scratches remain which cause

-; . sczttering and intreduce serious loss problems. YVO,4 has a hardness
which is equivalent to most optical giasses permitting a wider choice of
| ) polishing abrasives and techniques. This higher hardness value then

permits an improvement in overall fabricability, resulting in a superior
surface finish. It also allows more precise contro! of the surface in tzrms
of both flatness and the ability to effect parallelism. Thus, a more repro-
ducible fabrication process with improved potential for mass-producticn
operation can be aaticipated.

Minimization of Fresnel losses for the polarizer requires
good anti-reflection coatings on the entrance and exit faces. Because of
the high refractive index for YVO,4 (1.96 at 1. 06 microas), good AR coatings
’ can be achieved using the more common single-layer coatings rather than
resorting to the multi-layer coatings which must be used with calcite. This
property permits a more reproducible coating process to be used and an
improvement by almost an order of magnitude in the coating cost.

} - 23 -




D. REFLECTION LOSSES BETWEEN PRISMS x

The situation regarding reflection lcsses differs for the
Glaa and Rochon designs and each is considered separutely below:

a. GLAN POLARIZER

In this design, an air gap is maintaincd between
the fabricated prisms and losses occur through multiple refiections within
this gap. Detailed calculations for these energy lossees have been made
in Part IV-F using both YVO4 and calcite as the doutiy ~efracting material.
For optimum performance, YVC4 (a positive uniaxial material) requirea
a Glan-Foucault design, whereas for calcite (a negativ ~ uniaxial material)
a Glan-Taylor design is required. 3

These calculations further show that a combination
of high refractive index and larger birefringence reduces the reflection
losses in the air gap to 0. 9% for YVO4. This compares td calcite loszes
at 5.2%. The comparison is made using prism angles of 27.5° and 28.5°
for YVOg4 and calcite, respectively. The lower limit for calcite can be
found by decreasing the prism angle to 37. 5 which is the critical zngle
at 1. 06 microns; this design change only serves to decrease losses to
about 3%. Thus, the advantages of YVO4 over calcite in decreasing the
losses in this critical area of the polarizer can be clearly seen.

b. ROCEON POLARIZER

“welded" together in iniimate contact. This requires either a suitable
cement with index matching properties or, ideally, optical contacting.
Assuming perfect optical contacting, calculations have been made in

Part IV-F showing the degree of beam splitting achieved through the use
of botk YVO4 and calcite. Again it can be seen that the combined increase
in refractive index and birefringence allows a 30% increase in the beam
splitting capabilities of YVO4 over calcite.

P _ For the design of th= Rochon, the prisms are

Because of the problems associated with cbsorp-

) tion in ever the best bonding cement layer betweern prisms, it is preferable
to =ffect optical contacting, if at all possible, for ideal polarizer pzrfor-
mance. Again, due to the hardness/fabrication problems of calcite, the-
latter situation is aimost impossible to achieve. Our experience to date
with the fabrication of YVO4 would indicate very streongly that the type of




surfaces and dimcnsional stability required for optical contacting will be

possible. Thus the Rochon design can be utilized to its fall advantage with
the losses cxperienced by the passage of light through the prism faces kept ;
to a minimumn,

Y S

The material properties required to obtain optical
contacting for the Rochon can also be utilized to gosd advantage in main-
taining the flatness and parallelism required for the matching faces of the 1
prism in the Glan polarizer. The calculations assumed perfect surfaces;
any deviation from this condition could increase the ideal loss figure.

E. DIMENSIONAL STABILITY AND PRISM ALIGNMENT

Maintaining good stability of the polarizer dimensions
and effecting precise alignment of tke prisms for temperature variations
up to a span of 70°C is one of the more critical problems of current
polarizer designs used in military systems having environmentul specifi-
cations. Any movemernt of the prisms from the set position wouid
misalign the beam and drastically reduce the laser output. The problem
is “argely 2 mechanical one, and its solution lies in the use of a more
satisfactory design of the holder for tke polarizer device. The higher
hardness aand the reduced tendency for YVO, to cleave or fracture under
mechanical stress implies that a holder can be designed using a firmer
_grasp of the device and restrain mechanical movement during cper~tional
temperature fluctuations.

- 25 -
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F. POLARIZING DEVICES OF THE DOUBLE-REFRACTION TYPE {1

1. SUMMARY OF EXISTING POLARIZER DESIGNS

A number of polarizing devicss are in general use which
take advantage of the properties of doubly refracting mineral crystals.
The most famous is the Nicol prism which was invented in 1828. This
device utilizes optically clear calcite in the natural rhombic form which 4
is cct along a diagonal and cemented together again with Canada balsam.
In operation the ordinary ray is reflected, the extraordinary ray is trans-
mitted. This device has been superseded by the Glan type polarizer and
will not be described in any detail. Ita main attribute lay in the fact that
naturally clzsaved rhombohedral crystals could be us=d and thus allow full
utilization of the available good guality calcite. Two drawbacks to the
design are lateral displacement of the beam, and astigmatism due to the
obligque entrance and exit faces.

More atiractive and currently more useful devices are
the Gian polarizers. These generally are of two types, the Glan-Thompson
and Glan-Foucauit polarizers where the priums are separated by cement
or air, respectively. These Glan-type polarizers are the most widziy
used in laser systems and will be analyzed with special reference to YVO,
as the doubly refracting material.

Of particular interest to the laser industry is the combi-
nation of a polarizer and a beam splitter. These are constructed in the
form of either a Rochon or a Wollaston Prism. These prisms will be

"further described and analyzed with specific reference to YVO, as the
polarizer material.

r GLAN-TYPE. POLARIZERS

The Glan-Foucault type polarizer reprasents the most
useful current design and is constructed from tw:- pieces of doubly-refracting
material, each in the form of a right angle prism:.. The two pieces are
. cut so that the geometrical axis of the prism is paraliel to the optic axis
) and placed together with a thin air gap between the respective hypotenuse
faces; this is shown in Figure 4.1,

An analysis will be made for the Glan-Foucault polarizer,
and its predicted performance, atilizing YVO4, will be compared with similar
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devices made from calcite. Polarizers have beep fabricated from
good quality YVO4 single crvstals, and measured performance will be
discussad.

a. ANALYSIS OF YVOy4 GLAN-FOUCAULT POLARIZER

Both the polarizer design and the choice of angle
@ for the prism is strongly dependent 5n the material used and the varia-
tion of refractive index of both the ordainary and extraordirnary ray. Using
Figure 4-2, where the critical angle is plotted as a function of wavelength
for YVGy4, it can be seen that the most useful angle for a prism to operate
in the visible and near infrared spectral region is 27° 3.'. To extend the
usefulness of this polarizer into the ultraviolet region requires a smaller
angle of around 27° or slightly below.

Following Archard and Taylor, 13the critical angles
used in Figure 4-3 are calculated for an isotropic medium as this approxi-
mation introduces only small errors in the order of a2 few minutes. It
should also be noted that, because we are dealing with a positive uniaxial
material, the ordinary ray is transmitted and the extraordinary ray suffers
total internal reflection.

A problem with the Glan poiarizer design arises
from the fact that multiple reflection occurs at the polished prism faces
within the air gap. These reflections interfere with the performance of
the polarizer for high intensity laser radiation and should be kept at a
minimum; to do this requires an understanding of the icsses experienced
by polarized rays passing through the prisms.

The Fresnel formulae for reflectivity of polarized
rays passing from one dielectric medicm to another can be written:

R.

tan? (6; - 8,)
tan (8; + 6,)

Ry 3in2 (8; - 6;)

sin2 (8; + §y)

where l:g and R; are the reflectivity of rays polarized p-rallel and nor-
mal to the incidenc= plane; the incidence plane is defined as the plane
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containing both the wave propagation direction ve:tor and the normal to

the boundary plane. The polarization direction of the ordinary and extra- ’1
ordinary rays is dependent on the direction of the cptic axis relative to

the wave normal direction. Thus, for a prism cut with the optic axis

parallel to the intersection of the planes of the air fiim and cnd ace (see

Figure 4-5) the ordinary and extraordinary rays have their dircction of |
polarization parallel and perpendicular to the plane of incidence at the
air film.

' Figure 4.3 and Figure 4-4 show the reilectivity,
calculated from the Fresnel formul~e plotted as a function of incidence
angle for beth YVO,4 and calcire using z wavelength of 66003%; EjadE 1
refer to the extraordinary and ordinary rays in the Glaan-Foucault prism. 1
It can be seen from the figures that minimum reflection occurs when the
transmitted light is polarized parallel to the incidence plane at the air film.

YVO4 being a poaitive uniaxial crystzl, it is the
ordinary ray which is transmitted and the Glan-Foucault design is the
correct one for maximum transmission. For calcite using the same
design it is the extraordinary ray which is transmitted with E perpendi-
cular to the incidence plane; this reprzaents #n undesirably high reflec-
tivity. The problem can be solved by cutting the first prism so that the
optic axis is perpendicular to the intersection of the _lanes of the end face
and the air film. This design turns the electric vector of the tranami‘ted
cuomponent (o be parallel to the incidence plane, and is known a3 the Glan-
Taylor prism. 12

Calculations have been made showing the total
transmitted energy througn both the air gap and the second prism as a
fraction of tha enexrgy in the first prism; these are represented by T® anc
Tq in Figure 4-5. The reflected energies Ry and R, within the air gap are
so calc:lated along witi: the energy T) of the second transmitted ray;
again these are give., relative to a tranzmitied energy of unity in the first
prism.

The results of thzse calculations are shown in
Table IV-1 wnere a comparison is madr: between YVO4 cut with a Glaa-
Foucault polarizer design, and calcite cut with both a Glan-Foucault and
a Glan-Taylor design. The wavelength used in all cases was 5393%. The
YVO, had » ;rism angle of 27. 5% anc calcite an angle of 38.5%; these
angles are optimum for both materials.
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R=REFLECT'VITY
T = TRANSMITTIVITY

ORDINARY

Figure 4.5, Glan-Foucaul: Pzlarizer Design Schematic. As shown

above, ordinary ray is transmitted for ¥VO4 which has
a pasitive sign o>f birefringence. For calcite, with a
negative sign of birefringence, the extraordinary ray

is transnaotced.
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B = 60°

Figure 4-6. Rochon Polarizer Design
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it should be noted that the vanadate prism gives the
best verformance with 99. 9% of the peolarized incident energy beinj trans-
mitted in the main beam, with a reduction of 10-5 for the secondary beam. 1
Equivalent figures using calcite are 97. 4% and 74. 2% for the main beam,
and 10-3 and 10-! for the secondary beam. Changing frum the Glan-Fouca:lt
to Glan-Taylor design reduces the ictensity of the seconcary transmitted ‘
beam by two orders of magnitude. A similar reduction is realized by going
from the best calcite design to a Glan-Foucault prism using yttrium vanadate.

This improved performance becomes more impor-
tant for high power laser use when it is considered that the input beam can
kave power levels up to 10% watts. The reduction by two orders of magni-
tude will allow the polarizer to be us2d under high power conditions which
are currently unattainable with calcite prisms

b. PERFORMANCE OF FABRICATED POLARIZER

Glan-Foucault polarizers have been fabricated to

’ Figure 4-1 dimensions from boule #SD218-22-9 shown ia Figure 4-7. The
upper pkotograph shows the Twyman-Green presentation of the crystal with
the photographic plane normal to the 001 axis. Figure 4-8 is the Schlieren
image of the Glan-Foucault polarizer and Figure 4-9 shows the effect of
90°, 459 and crossed polars on the polarizer.

Unpolarized light from a He-Ne gas laser of 63288
wavelength was passed into the polarizer at normal incidence. This ray
was split into the ordiuary and extraordinary components and emerged
from the exit face of the po.arizer. The angle of separation was measured
for the Rochon operational mode and found to be 21°.

There is excelient agreement between the calcu-
lated and experimentally measured values for the angular : ~varation of
the polarizers, demonstrating conclusively that YVO4 is a ~uperior
material over calcite for this application. The Rochon devi ~ showed a
five degree improvement over calcite with similar dimensicv For a
Wollaston device fabricated with a prism angle of 60° this ir~. . sement
would be over ten degrees and an angular separation of 42° «- < be
anticipated.

T S

Using a high quality calcite polarizer of Glan-
Taylor design the following experiments were carried out:

(1) Light from a He-Ne laser was passed through
’ the calcite polarizer and the power measured on a well calibrated Spectra-
Physics power meter.

{2) The YVO( polarizer was then placed between
tha calcite polarizer and the meter in the parallel position and the overall
] transmission loss recorded. This overall loss was measured at 25%,
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Figure 4-7. (001) YVO,4 Boule
For Glan-Foucault Prisms
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Figure 4-8. Schlieren Image Through
Glan-Foucault Polarizer
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0/90° Polars
1/10" 3000 ASA

+ 45° Polars
1/25" 400 ASA

X CIR Polars
1/25" 400 ASA

Figure 4-9. Crossed Polar Photographs
Threough Glan-Foucault Polarizer

.~ 38 -




e g T ———— ——

which allowing for an 11% loss at the entrance and exit face due to Fresnel
reflection, gave a combined material and "air gap' loss of 3%.

(3) The YVO4 polarizer was next rotated through
90 degrees into the crossed poaition and the power meter replaced by a
photomultiplier. The transmitted light was outside the detection limit of
the measuring equipment and an accurate value for transmission, which
translates to an extinction ratio of greater than 35 decibels.

3. RCCHON AND WOLIL.ASTON POLARIZERS

a. INTRODUCTION

These polarizers differ from the Glan-type insofar
as they preserve both of the refracted beams, but separate them widely
enough to be used individually., They are both polarizers and polarizing
beam splitters. The makeup of the polarizer is shown in Figure 4.5 where
two right angle prisms are cut from a suitable doubly refracting mcterial,
ana optically contacted together. The optic axes of the two prisms are
mutuaily perpendicular. In the description of the emerging beams and their
direction of polarization, a positive uniaxial crystal is assumed for the
illustration.

Agair, these polarizers will be analyzed with special
reference to YVO4 as the doubly refracting material and their performance
projected relative to calcite. The analytical results will then be compared
directly with a fabricated polarizer.

b. ANALYSIS OF YVO, ROCHON POLARIZLEK

Witk the Rochon polarizer, the unpolarized incident
ray travels along tne optic axis and is split up into two rays each with the
same velocity. On transferring across the prism interface, the ordinary
ray maintains the same velocity and proceeds through the second crystal
undeflected. The velocity is changed for the extraordinary ray and it is
deflected. Further separation occars when the extraordinary ray leaves
the second prism, and the angle of divergence can be calculated using
standard optical techniques.

To demonstrate the strong influence of the birefringence
we have represented the divergence angle through the following approximate
forn.ula:

sin 8 = (np - n,) 5in2B 1+ (ng + 25) tan®R
2 an

where B is \he prism angle. and ng and i, are the refractive indices for the
extiraordinary a2nd ordinary rays.
- 39 -




The divergence angle § has been calculated also and shown in Table [V.2
as a function of prism angle B for dif{ferent wavelengths using yttrium
vanadate, calcite, and quartz as the prism materials; this was a2 computer
czlzulation using the more rigorous derivation, and assuming perfect
optical contacting between the prism faces. As can be seen, a significant
improvement is projected for the cdivergence angle YVO4 over both caicite
and gquartz.

c. ANALYSIS OF YVO4 WOLLASTON POJL.ARIZER

For the Wollaston polarizer, the direction of the
optic axis is changed for the first prism and an unpolarized incident ray
is split up inte ¢=G poiarized beams each travelling in the same direction
with different velocities determined by the corresponding refractive indices
for each beam. On transferring acrosa the prism interface, the ordinary
ray in the first prism becomes the extraordinary ray ia the second; the
extraordinary ray is converted to the ordinary in a similar fashion. The
rasulting refractive index change causes the two polarized beams to be
deflected at the interface. Further separation occurs when the beam
passes from the high index crystal into air. The divergence angle for the
Wollaston polarizer is approximately twice that realized for the Rochon
polarizer. It does, however, suffer from the disadvantage that both
transmitted beams are divergent. Values for the divergence angles for
a YVO, Wollaston polarizer as a function of prism angle would be double
those shown in Table IV-2,

2. CONCLUSIONS OF ANALYSIS

It can be seen from the above calculations that
YVO4 offers a substantial advantage in both the Rechon and Wollaston
design over calcite and quartz. For a prism angle of 60° and assuming
perfect optical contacting, the divergent angle for 65003 is increased by
over 30% when YVOy4 is substituted for calcite. This factor is even more
significant wken it is considered that the improved fabricability of the
orthovanadate makes optical contacting a2 much easier propcsitica.

e. PERFCRMANCE OF THE ROCHON POLARIZER

A Rochkon polarizer was fabricated from <1007 boule
No. SD218-18-7. The boule and its Twyman-Green pattern are shown in
Figure 4-10 and the construction design is shown in Figure 4-5. The two
prisms were contacted with Opticon UV-57 cement having a refractive index
of 1.5316 and good transmission to 2 micron wavelength.
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Figure 4-10. (100) YVO4 Boul. for Rochon Prisms
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Unpolarized light irom a He-Ne gas laser of 6328Ao
wavelength was passed into the polarizer at norinal incidence. This ray was
split into the ordinary and extracordinary components and emerged from the
exit face of the polarizer. The angle of sepzration was measured for the
Rochon operational mode and found to be 21°,

There is excelieni agreement between the calculated
and experimentally measured values for the angular separation of the rays,
demon: trating conclusively that YVO, is a superior material over caicite
for th. Rochon polarizer. The fabricated Rochon pciarizer showed a 5 degree
improvem~nt over a calcite polarizer with similar dimensions.

For a Wollaston polarizer of YVO, with a prism angle
of 60° this improvement would be over 10 degrees, and an angular separation
of 42° would be anticipated.

G. PRACTICAL CONSIDERATIONS FOR POLARIZER DESIGNS

1. INTRODUCTION

The discussions fo this point on prlarizers and polarizing
materials have cecasidered only the combined effect of refraciive index aad
birefringence on the optical properties and the device performance. Other
losses due to surface and internal scattering were assumed to be negligible
in the analytircal treatment used, although some externt of the problem was
given in the transmission and extinction measurements madc on the Glan-
Foucault polarizer. These losses zre always pres.at in some form and
depend on a combination of intz2rnal material guality, fabrication, and the
choice of suitably matched dieclectric anti-reflection coatings. As they
can seriously influence the ovzrall performance of the polarizer, it is
important that they also be considzsred along with the measured optical
properties with every effort made to minimize their effe_t.

2. FABRICATION

Successful fabrication of czlcite presents a problem
because of the hardness differecce rulative to the optic axis, and the ten-
dency for the material to cleave along the rhcmbohedral plares. To achieve
the necessary tolerances for surface flatness and uniformity of ; »ligh,
requires extremely careful handling and finishing procedures which utilize
predominantly hand-lapping. This involved fabrication procedure with its
high labor cost contributes to the high cost of the finished polarizer.
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The polished surface finish for YVO4 is superinr to that
for calcite and can be achieved with much more ease. This impro+- ment
in optical workability can be traced to a hardness which is similar to glass,
and, more important, a lesser tendency to cleave. Cleavage har been
induced and occurs parallei to the {001) axis. It does not, however,
present any problems in the prism fabrication.

There are two main advantages to be realized ‘-om the
improved surface finish and ease of opti« al working:

a. The material lends itself more easily to automated
fabrication processes and can be handled by procedures moze closely
related to those experienced in 2 mass production operation.

b. Optical contacting of the polished surfaces can be
achieved. This situation is difficult to achieve for calcite and is the main
reason why devices such as the Rochon and Wollaston polarizers, which rely on
good optical coatacting, are frequently constructed from quartz. In thie
case, the reduced birefringence is cnmpensated by the superior optical
surfacee.

3. ANTI-REFLECTION COATINGS

If a dielectric film witk refractive index nj) is placed on
the suriace of a medium with refractive index n3, then for the case of nor-
mal incidence R, the reflectivity can be written as:

R=n3n; -nzz

:1 ny +n22

for a thickness H=m)o m=90, 1, 2, 3.....)
4

Thus, for zero reflectivity, n; = /i3 where the initial medium is air and
nl = 1.000,

This normal incidence case ie true for both the Glan-
Foucault and Rochon pslarizers. In order to minimize reflective losses
at the entry and exit faces, a dielectric coating with refractive index 1. 414
is required with YVO4 prisms. For calcite, utilizing the same design, a
refractive index for the dielectric layer would be 1.219.

- 44 -




The most readily available material for anti-reflection
coatings is magnesium fluoride with a refractive index of 1.38. As can
be szen, this provides a reasonably good match for ¥VOy4, but is much
too high for calcite. Finding a suitable anti-reflection coating for use
with calcite has been a problem in the past with nc current solution.
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V. PROPERTIES OF YTTRIUM ORTHOVANADATE

A. OPTICAL PROPERTIES

The optical and physical properties of yttrium orthovanadate
are summarized in Table 1-1. These values apply to singl.: c-vstais of
undoped material which have beer. grown recently in our laboratory. The
optical measurements were made it the laboratory of Professor L. De
Shazer at tbe University of Soutkern California, Los Angeles. Other
property measurements were made at Crystal Products Laboratories,

San Diego.

1. BIREFRINGENCE

Yttrium orthovanadate (YVOy4) i a positive uniaxial
crystal with a birefringence higher tha:u that of calcite by 25%. Bire-
fringence is defined as the difference between the extraordinary and
ordinary refractive index. For a wavelength of 5890% {eodium - D line)
the measured birefringence of YVO, is +0.226 compared to a value of
=0. 172 for calcite. These measurements correct previously published
results! by others which have reported a birefringence of the wrong sign.

2. DISPERSION

The refractive index as s function of wavelength
given for YVO4 in Table V-2 can be numerically exp.-essed in terms of
the wavelength for both the ordinary and extraordinary ray through the
formulae:

Extraordinary: aez =1+ 3.5996 xz

(A= - 3.1346)

2
Ordinary: n, =14+2.771C 22
(2 - 2.6336)

where the wavelength j is in units of 10'33. These equations are particu-
lar cases of Sellmeier's equations for dispersion.

For Tuble 1-1 the dispersion has been defined more
simply as np - nc where I* and C indicate the waveleng:hs 4861 and 6563K.
The dispersions for the ordinary and extracrdinary indices of YVQO4 are
0.04 and C. 06 respectively. These values are higher than those repcrted
for calcite and quartz, but still within the range %o allox the YVOy4 polari-
zers to be used in large bandwidth optical systems.

~ 46 -
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Wavelength Refractive Index Birefringence
X G.dinary Extracrdinary
.

B 10C0 2.0777 2.3402 0.2625
] 4500 2. 0458 2.2932 0.2474
T 500 2.9242 2.2618 0.2376
} 5500 2.0083 2.2396 0.2308
: 6000 1.9974 2.2233 0.2259
: 6590 1.9388 2.2109 0, 2221
[ : 7000 1.9820 2.2013 0.2193
: 7560 1.9766 2.1936 0.2170

N
8000 1.9723 2.1873 0.2152

Tadie V-2. Refractive index as a Function of Wavelength for Sirgle
Crystal YVO,
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The thermal variation of the refractive index is small
and is shown in Figure 5-1 aver the tsmperature range from 4°K to 300°K
for a wavelength of 51482, The refractive-index temperature coefficient
dn/dT is +3.9 x 10-5 per degree centigrade at room temperature for both
ordinary and extraordinary rays.

3. SPECTRAL ABSORPTiON

The spectral absorption has been measured for a
polished YVOy4 single crystal and is shown in Figure 5-2. The linear
absorption coefficient x is defined in the usual way a3 the negative of the
inverse of the path lerngth multiplied by the natural logarithm of the trans-
mission. The regiun between 6.5 and 3.0 microns was deleted to the
figure as there was no absorption over that range. It can be seen that
YVGy is highly transmissive from 0.4 to 3.8 microns and is optically
useful up to 5.0 microns. A piece of calcite measured in the same system
became absorptive at 2. 1 microns and was opaque at wavelengths greater
than 3. ! microns. The published transmission data for quartz indicates that
it also becomes absorptive at 2.2 microns. 14

B. PHYSICAL PROFPERTIES
1. HARDNESS

Hardness measurements were carried out on a cleaved
(1C0) surface of a YVO4 single crystal. A Carl Zeiss Microhardness
Tester MHP was used. attached tc 2 Zeiss Universal Microscope. With
a 50 gm lcad the measured Knoop hardness numbers (KHN) are as follows,
where zero degrees implies that the long diagonal of the rhombic diamond
indenter was coincident with the [0107] direction.

0°
45°

139. 6 969
452.0 315°

549.0
406.5

The zero degree measurement was anomalously soft due to cleavage
occurring on the (100) crystallographic piane which gave extended defor-
mation of the indentation along that particular direction. Away from this
direction there was some slight variation due to the crystalline anisotiopy.
The average hardness of 480 KHN is equivalent to most high quality opticzl
glasses. It should be compared with a value of 135 KHN for calcite and
710 KHN for quartz. 15

2. LASER DAMAGE RESISTANCE

To measure the laser damage resistance for YVOu
compared to zalcite, the output from a J -switched ruby laser was focused
into polished single crystal rectangular pieces. After each firing the
sangles were inspected for damage by passing a He-Ne laser beam through
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Figure 5-1, Change in Refractive lndices as a Function of Temperature
for Single Crystal YVOy4
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the material and looking for scattering. The results are shown in Figure 5-3.

Caicite started to damage at power levels in the range 900 to 1200 MW/cm ‘
and suffered extensive damage for all levels tested above this range. In
every case the damage was internal to the material and was gross enough
to seriousiy affect the optical quality and overall device performance.

Single crystal YVOg4 prisms submitted to laser testing
prior to this contraci had shown some slight surface damage ir the 900 to
1200 MW/cm?2 power range. This damage was noted only after testing to
2400 MW /cmZ at which poiat surface damage was evident. No iaternal
structural damage was noted at that time and the surface damage was
estimated to be a function of the surface finish on the test sample.

A prism has been r.repared from a crystal grown for
this contract and has heen submitted to laser 3amage study. Preliminary
data, at gradually increasing power, has shown that the demzge threshold
has not yet been reached at 3 giga watts per cm?,
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